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In silico modeling of spontaneous patterning of vascular cells in the leaf primordium 146
In order to test whether cell specific auxin biosynthesis and its impact on neighboring cells is able to 147 drive leaf vein patterning, we developed a theoretical model and performed a series of in silico 148 experiments. We adapted Virtual Leaf, an open-source cell-based modeling framework that describes 149 cells of the leaf lamina as a two-dimensional layer of interconnected polygons and accounts for 150 mechanical properties of the tissue (Merks et al., 2011) . Cell growth (an irreversible increase in cell 151 area) proceeds in a quasi-static way at a rate which is defined by cell turgor pressure, a feature that 
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To model leaf vein patterning in a growing leaf, we created a leaf tissue template that closely resembles 158 a 2-day-old leaf primordium as our initial condition ( Figure 4A ). Following Lee, Feugier et al. (2014) 159 and Merks, Guravage et al. (2011) , we modelled primary vein development in two dimensions. The 160 model tissue template consisted of cells expressing auxin biosynthesis genes, labeled as auxin 161 producer cells, and cells that do not synthesize auxin. In the model, auxin producer cells correspond 162 to the cells that express the auxin biosynthetic gene TAR2, and their layout in the tissue resembles the 163 TAR2-driven GUS expression in 2-day-old control leaf-primordium ( Figure 4A ). The mechanical 164 constraint due to the attachment of the leaf to the meristem is modeled by including a row of cells at 165 the proximal part of the leaf (the petiole). These cells also act as auxin sinks, to model auxin drainage 166 from the leaf via established veins at the stem (see computational model description in the Methods 167 section). Further assumptions of our model are as follows: i) inter-celullar auxin transport via a 168 diffusion-like process (PIN1 has a non-polar distribution in pre-provascular cells), ii) every cell in the 169 leaf lamina grows by increasing its area at the same rate, iii) auxin is known to promote cell expansion 170 8 in aerial tissues (Fendrych et al., 2016; Perrot-Rechenmann, 2010) , therefore when auxin concentration 171 in a non-auxin producing cell crosses a threshold, then this cell starts expanding at a higher rate, iv) 172 auxin-synthesising cells grow at all times at the basic rate (as defined in (ii)), and v) a relatively stiff 173 epidermal cell layer, as it is known that leaf epidermal cells are stiffer than laminar cells (Onoda et al., 174 2015) .
175
Simulations of this simple model, using the experimentally reported values of various parameters (see 176 computational model description, Table S1 ) (Mitchison 1980) , generated an in silico leaf-primordium 177 that had grown to a size of either approximately 150 cells (Figures 4B) or 900 cells ( Figure S5 ). This 178 simulation result showed that, for a wide range of parameter values determining auxin-dependent cell ). Our simulations showed that localized auxin synthesis, followed by auxin diffusion, was able 185 to account for the establishment of a time-dependent auxin gradient across the tissue of leaf 186 primordium (inset of Figure 4B ). Such an auxin gradient caused cells to grow at different growth rates.
187
This in turn induced transverse forces acting laterally on the walls of midvein cells. These forces are 188 are much larger in magnitude than the forces acting on other cells in the leaf lamina ( Figure 4B ). These 189 forces exerted by the neighboring cells on the midvein cells, resulted in non-trivial strain and force 190 distributions in the tissue that prevented the midvein cells from proliferating and thus resulted in the 191 development of a thin vascular strand of elongated cells as is characteristic of procambial cells 192 (Scarpella et al., 2006) .
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We next studied in silico, the impact of reducing auxin transport rates on midvein formation. An NPA-194 dependent reduction in auxin efflux led to a change in leaf vascular patterning and an expansion of-195 the TAR2 expressing domain, suggesting an extension of auxin biosynthesis sites ( Figure 4E ). 196 Simulations of our model showed that a 25-fold lowering of the rate of auxin transport altered the 197 formation of the midvein, and resulted in much wider proliferation of auxin-producing cells, as 198 observed in experiments ( Figure 4D ). Reducing auxin transport rate led to higher auxin concentrations 199 in auxin producer cells and steeper auxin gradients in the primordia ( Figure 3H Figure 4D ), with non-auxin producing cell receiving less auxin from auxin producing cells and hence, 201 expanding in that case less than in leaves not treated with NPA. As a result, the auxin-dependent forces 202 exerted by the neighboring cells on the midvein cells were not strong enough to prevent the 203 proliferation of auxin producer cells ( Figure 4D ). The model predicted a midvein, several cells wide 204 with a high auxin concentration, just as was observed in plants grown on inhibitory concentrations of 205 NPA ( Figures 3C-3E , 3F-3G, 3H and 4E). Furthermore, the midvein cells of the "NPA-treated" model 206 leaf did not elongate in the same way as "untreated" simulations ( Figure 4D and inset, and Video S2).
207
Compensation of vein patterning in auxin biosynthesis mutants by NPA
208
The model predicted that NPA effects were due to the accumulation of auxin in developing vascular 209 cells. We therefore predicted that the reduced-efflux phenotype would be rescued by simultaneously 210 decreasing the rate of auxin synthesis. Accordingly, we simulated the treatment of auxin biosynthetic 211 mutants with NPA by simultaneously reducing both the auxin transport rate and the auxin production 
216
However, as predicted by the model, many of these phenotypes were abrogated by the application of 217 10 NPA ( Figure 5C and 5D ). This observation suggests that the cellular auxin concentration per se can 218 define vascular cell differentiation in leaf primordia. We therefore conclude that an underlying pattern 219 of auxin biosynthesis, influenced by the physical environment of the primordium, can direct vascular 220 cell initiation.
221
In silico modeling of PIN1 based auxin transport 222
Polar auxin transport has long been considered a major driver of leaf vascular cell differentiation 223 ( Figure S1F ) (Scheres and Xu, 2006) . "With the flux" models of leaf vascular patterning assume that 224 cells sense the overall rate of auxin flux and respond by reinforcing this flux with the polar deposition 225 of PIN proteins. We therefore studied computationally the effect of polar auxin transport on the 226 formation of the midvein in the presence of localized auxin biosynthesis (see Methods section) ( Figure   227 4G). Our simulation results show that polar auxin transport reproduces the midvein in much the same 228 way as in the diffusion-only case (discussed above; Figure 4B ), suggesting that these two patterning 229 mechanisms may be linked or working in parallel.
230
Regulation of auxin biosynthesis by auxin
231
As the canalization of auxin requires a positive feedback loop between the plasma membrane's 232 permeability to auxin and the rate of auxin flux (Mitchison, 1981) , we next addressed whether auxin 233 biosynthesis and flux participate at a transcriptional level in such a positive feedback loop. Mutants 234 defective in auxin biosynthesis were examined for PIN1 expression. However, the polarization of PIN1 235 proceeded as normal in five-day old leaves of wei8-1tar2-1 and yuc1yuc4 loss-of-function plants, 236 despite a drastic reduction in the density of high order veins being observed ( Figures 6B and 6C , lower 237 panel of S1B, S1E and S1H). Next, neither TAA/TARs nor YUCCA transcription is induced by IAA ( Figure  238 6D). This experiment was performed three times with similar results. Verification in Genvestigator 239 (www.genevestigator.com), also confirmed that the expression of TAA1, TAR1, TAR2, YUC1, YUC2, YUC4 240 and YUC6 genes is not induced by auxin. Further, our results also indicate that YUC1, YUC2, YUC4 and 241 YUC6 are repressed by auxin; similar results were reported by Suzuki and colleagues (Suzuki et al., 242 2015) . Finally, we found that TAA1 expression was reduced as PIN1 accumulated and polarized in 243 provascular cells ( Figure 7B, 7C ). IAA biosynthesis is therefore not induced by the canalization of IAA, 244 but is likely to be integrated into an independent upstream patterning mechanism, as although TAA1 245 was seen in domains in which PIN1 is absent ( Figure 7D-7I) ; the opposite case was never observed.
246
These observations suggest that auxin biosynthesis is not part of the positive feedback loop proposed 247 to initiate vasculature development in leaves.
248
Discussion
249
In plants, polarized auxin transport is crucial for the initiation and regulation of several developmental 250 programs. PIN-mediated auxin flux is widely accepted to be responsible for vascular patterning in 251 leaves, with vascular differentiation occurring along axialized (canalized) auxin streams (Scarpella et   252 al., 2006; Sieburth, 1999) . Here we provide evidence that vein initiation also requires tissue specific 253 local auxin biosynthesis. This supported by the fact that in mutants defective in local auxin 254 biosynthesis, vein density is severely reduced (Cheng et al., 2006; Stepanova et al., 2008) .
255
In leaf primordia, auxin transport does not only occur in developing veins, but also in epidermal cells 256 (Abley et al., 2016) . Blocking auxin transport results in smaller, round leaves which display a 257 characteristic venation pattern. It was shown that cells accumulate more IAA when treated with NPA 258 (Petersson et al., 2009; Petrasek et al., 2006) . Therefore, we hypothesized that, since auxin is synthesized 12 proliferating vascular cells in the lamina, this would supply a possible reason for the change in 265 mechanical properties of the leaf identified by our model.
266
It was shown that in wild-type leaves, midvein provascular cells have potential characters of midvein 
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The complete sequence of genes necessary auxin biosynthesis is expressed in the leaf lamina 293 (Mashiguchi et al., 2011; Stepanova et al., 2011; Zhao, 2012) . Besides TAA1 whose expression in pre-294 provascular cells extends to regions that do not make veins and then is downregulated once pre-295 provascular cells become provascular cells, TAR2 is expressed exclusively in regions that make veins,
296
where YUC2 and YUC4 are also expressed. This highlights an established correlation between auxin 297 biosynthesis and vein development: in mutants defective in auxin biosynthesis, PIN1 expression and 298 high-order vein density decrease. In contrast, suppression of auxin transport in pin mutants or using 299 chemical auxin transport inhibitors has only a marginal impact on vein initiation. This suggests that 300 auxin biosynthesis may act upstream auxin transport and is necessary for leaf vein initiation. According 301 to the auxin transport-based canalization hypothesis, it is the auxin flux (rate of auxin molecules going 302 through the membrane in a polar PIN1-dependent manner) that initiates veins. On the other hand, 303 leaf veins are still formed when polar auxin transport is chemically abolished (as when a seedling is 304 treated with NPA, 2,3,5-triiodobenzoic acid (TIBA) or any other auxin transport inhibitor) (Carland et 305 al., 2016), which is hard to be explained only by the auxin transport-based canalization hypothesis.
306
Together these observations underline the crucial role of tissue specific auxin biosynthesis which may 307 act prior auxin canalization.
308
Our model predicted that reducing auxin biosynthesis and cell growth rates in the presence of NPA 309 would restore normal venation patterns in wei/tar mutants. Indeed, treating auxin biosynthesis 310 mutants, which display both reduced auxin levels and growth rates (they develop smaller leaves) with 14 treated with NPA (Keller et al., 2004; Petersson et al., 2009; Petrasek et al., 2006) , the abnormal venation 313 pattern in wei/tar mutants is probably due to cell specific decreases in auxin concentration. Therefore, 314 the inhibition of auxin efflux by NPA would result in an increase of auxin concentration in pre-315 /provascular cells, which would then trigger the initiation of venation. However, since NPA also affects 316 the shape of the leaf, it confirms that auxin transport in the epidermal cells plays an important role in 317 maintaining leaf shape as previously proposed (Izhaki and Bowman, 2007; Scarpella et al., 2010) .
318
Taking into account cell auxin biosynthesis in the leaf lamina and auxin transport in epidermal cells in 319 future models will enable us to understand how leaf shape and vein patterning are coordinated.
320
In leaf lamina, auxin is transported through elongating vascular cells. However, it is not likely that auxin 321 transport in elongating vascular cells is a prerequisite for midvein formation or vascular branching, 322 since veins still form in presence of very high concentrations of NPA. Instead, the model predicts that 323 mechanical forces exerted on the cells synthesizing auxin; forces which would be sufficient to direct 324 the development of vascular strands. Indeed, the importance of geometrical and mechanical 325 constraints during vascular tissue development in the Arabidopsis embryonic root has already been 326 underlined (De Rybel et al., 2014) . Our data show that unlike PIN1, whose expression is clearly 327 stimulated by auxin, biosynthetic genes are either insensitive to, or repressed by auxin. Moreover, i) 328 TAA1 expression is reduced, not increased, as PIN1 accumulates and polarizes in provascular cells; ii) 329 PIN1 expression is strongly down-regulated in leaves of auxin biosynthesis mutants; and iii) whilst 330 TAA1 can be seen in domains in which PIN1 is absent, the opposite case is never observed. Taken 331 together, these observations suggest that local auxin biosynthesis in leaf primordia is not part of the 
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Plant material and growth conditions. Columbia Arabidopsis ecotype (Col-0) as wild type (WT),
586
YUCp::GUS reporter lines and yuc mutants single and multiple combinations were as previously 587 described (Cheng et al., 2006; Ditengou et al., 2008) . Details of pTAA1::TAA1-GFP, wei8-1, wei8-1tar2-588
